Although the European aspen ( Populus tremula L.) is regarded as a keystone species for the biodiversity of northern Europe, its mechanisms of regeneration and persistence under old-growth conditions without large-scale disturbances have remained obscure. The aim of this paper is to describe the long-term dynamics and regeneration of European aspen in the old-growth forests of the Koli National Park, eastern Finland, in order to gain a better understanding of the occurrence of this species under natural forest conditions. The park includes both natural forests and forests that were previously managed. The long-term occurrence of aspen populations was determined on the basis of inventory data available for the years 1910, 1936 and 2004. Aspen is shown to have occurred at least temporarily over 34 per cent of the total forest area (840 ha). In addition, 13 per cent of the forest area continuously supported stands that contained large aspen trees between 1910 and 2004. In areas where no management took place (6.4 per cent of the area), about one-third of all the aspen stands contained large trees and persisted throughout the period. The results show that aspen can maintain long-term occurrence in old-growth forests and that the species is not only transient or confi ned to young successional stages. Areas where aspen regeneration is possible, as deduced from its long-term occurrence should be regarded as highly valuable for biodiversity because they offer long-term habitats for several threatened species that are associated with aspen trees. Recent changes in ecological conditions, however, may affect this in the future. Most notably, the increased population of large mammalian browsers may make aspen regeneration more diffi cult and should be taken into account when restoration and management measures are planned.
Introduction
The European aspen ( Populus tremula L.), especially in the case of large individuals, is regarded as a key element for maintaining the biodiversity of tree species-poor boreal forests ( Esseen et al. , 1992 ; Kouki et al. , 2004 ) . There are two main reasons for this: (1) large and often slightly Long-term spatio-temporal dynamics and historical continuity of European aspen ( Populus tremula L.) stands in the Koli National Park, eastern Finland decayed aspens host a diverse fauna and fl ora including many species that are currently classifi ed as threatened and (2) large-diameter dying aspens have largely disappeared from managed forests. Large aspen trees have declined in numbers mainly because they are constantly being felled and replaced with economically more valuable species, partly because they readily host pine rust fungus ( Melampsora pinitorqua (Braun) Rostr.) that causes serious damage to young pine stands ( Kurkela, 1973 ; Heliövaara and Väisänen, 1984 ) . Notching with herbicides was commonly used in forest management in the 1970s to reduce the number of aspens ( Kurkela, 1999 ) . Currently, the occurrence of the most ecologically valuable aspen trees is mostly restricted to protected areas.
Large aspens in Finland, both living and dead, host over 750 animal and plant species, including herbivorous and saproxylic beetles, polypore fungi, epiphytic lichens and vertebrates. Almost 150 of these species have specialized habitat requirements that are met by large aspens, and ~ 50 species in Finland that are associated with aspen are currently on the threatened list ( Siitonen, 1999 ; Rassi et al. , 2001 ; Kouki et al. , 2004 ) . Aspen trees also modify their nearby surroundings in ecologically important ways. Their leaves create litter that is less acidic than that of other tree species in boreal forests and provide a special habitat for ground-dwelling invertebrates ( Koivula et al. , 1999 ; Siitonen, 1999 ) , and other characteristics such as a canopy structure that lets some sunlight through ( Almgren, 1990 ) , fast decomposition of the wood ( Tikka, 1954 ) and a thick, nutritious alkaline bark ( Kuusinen, 1994 ) also provide a very suitable substrate for various epiphytic species ( Kuusinen, 1996 ) .
Old aspen trees are mostly found in old-growth mixed forests (for terminology, see Rouvinen and Kouki, 2008 ) , where they grow in small groups or as scattered individuals ( Tikka, 1954 ; Syrjänen et al. , 1994 ) . The species favours fertile upland sites and herb-rich forests ( Tikka, 1955 ) and is traditionally regarded as a pioneer species that regenerates almost exclusively in disturbed areas, where seedlings grow mostly from roots via vegetative regeneration ( Tikka, 1954 ) . Regeneration from seeds appears to succeed only occasionally (see e.g. Latva-Karjanmaa, 2006 ) . Some recent studies have indicated that aspen can maintain its populations in natural old-growth coniferous forests for up to several hundred years, even though they may slowly decline in abundance ( Lilja et al. , 2006 ) . The exact patterns and mechanisms of aspen occurrence under these conditions have been little studied. Small-scale disturbances and gap dynamics probably promote aspen regeneration under old-growth conditions ( Cumming et al. , 2000 ) . The dynamics and ecological effects of disturbances in Boreal forests have been widely studied in Northern America. According to Spies and Franklin (1989) , even shade-tolerant tree species require small canopy gaps to reach the canopy in old-growth forests, which indicates regeneration diffi culties for shade-intolerant species such as the trembling aspen ( Populus tremuloides Michx.). Small gap processes release little in the way of above-ground or below-ground resources, whereas large-scale disturbances such as fi res release more resources to enable species to regenerate ( Spies and Franklin, 1989 ) . Furthermore, according to Bartemucci et al. (2002) , small gap disturbances in northern old-growth forests are caused mainly by snapped stems and dying trees, which involve little fl oor disturbance and create few germination sites for seedlings. Nevertheless, continuous regeneration and long-term standlevel persistence of the trembling aspen have been observed in Alberta, Canada ( Cumming et al. , 2000 ) . Furthermore, age differences of over 50 years have been discovered between trembling aspens in some cases in old-growth forests in British Columbia, which points to some regeneration having occurred after the establishment of the main cohort on these sites ( Kabzems and García, 2004 ) . Both these studies indicate the importance of gap dynamics on the regeneration of trembling aspen. The stand-level persistence and regeneration properties of deciduous and shade-intolerant species in old-growth boreal forests have obvious and important consequences for forest biodiversity. If a tree species can survive and regenerate even under (mostly) shady old-growth conditions, this may have consequences for the conservation of the plant and animal species that are closely associated with these host trees. Issues related to the long-term occurrence of deciduous trees in Fennoscandian circumstances -particularly aspens -have nevertheless mostly remained unexplored ( Kuuluvainen, 1994 ) .
Since the local or at least regional continuity of ecologically important characteristics is regarded as important for conservation purposes ( Stokland et al. , 2002 ; Kouki et al. , 2004 ) , a knowledge of aspen dynamics is required for the management of conservation areas. This issue is a highly relevant one ecologically since it relates directly to the problem of whether it is also possible to maintain broadleaved trees that typically occur during the early succession in the older successional stages, in particular, whether it is likely that aspens will survive in protected areas in the future or whether it will require active management to promote aspen occurrence.
The aim of the present work was to assess the long-term occurrence and regeneration of aspen in a 840-ha old-growth forest landscape, focusing on two questions:
1 Is there long-term continuity of large aspens without large-scale disturbances and is there a possibility that the species might also regenerate in late successional forests? 2 What is the long-term spatio-temporal regional trend in aspen occurrence and availability?
Material and methods

The Koli area
The work was carried out in the Koli National Park in eastern Finland (29° 48 ′ 31 ″ E and 63° 5 ′ 39 ″ N) ( Figure 1 ). The area is characterized by a topographically highly variable landscape where the altitude varies from 94 to 347 m above sea level. The soils are fertile, especially at lower altitudes, because the nutrients fl ow downhill with the rainwater and snow melt. The area lies in the transitional area of the border between the southern and middle boreal forest vegetation zones ( Kalliola, 1973 ) . The fi rst human settlement in the area of Koli has been dated to the middle of the eighteenth century, and towards the end of that century, slashand-burn cultivation was intensively practised in the area and the forests were widely used for woodland pastures. The fi rst inventory of fi elds, slash-and-burn areas, meadows and forest lands was made during the general land partition of the years 1835 -1845. There were no signs of industrial forest use, in the form of commercial felling, for instance, until 1864 ( Oinonen-Edén, 1991 ( Anonymous, 1991 ) . The park has since been enlarged and now has a total area of ~ 3000 ha. From the beginning of 2008, the administrative responsibility of the Koli National Park was given to the Finnish Forest and Park Service (Metsähallitus).
The fi eld sites chosen for the project comprise 888 ha in the northern part of the park, of which forests cover 840 ha and small fi elds, roads and other non-forested land 48 ha. The fi rst inventories by compartments, defi ned as geographically contiguous parcels of land that are homogeneous in terms of site type and growing stock ( Davis and Johnson, 1987 ) , were made by the strip survey method or by using either randomly or systematically located sample plots ( Nyyssönen, 1959 ) . Despite the differences in methods used in separate inventories by compartments, they provide comparable sets of characteristics for the forest stands for the purposes of economic and ecological analysis. In the latest compartment-wise inventory ( Hyvönen, 2007 ) , carried out in 2004, the average stand volume was 220 m 3 ha Ϫ 1 ( Table 1 ) , and the forests were composed of Norway spruce ( Picea abies (L.) H. Karst.), Scots pine ( Pinus sylvestris L.), silver and downy birches ( Betula pendula Roth. and Betula pubescens Ehrh., respectively) and other broadleaved trees. The average stand volume of aspen was 5 m 3 ha Ϫ 1 ( Table 1 ) . Most of the forests within the area were of mixed species, mostly spruce-dominated stands where aspen occurred only as scattered individuals. Young aspens were also found in small groups. According to Hyvönen (2004) , the volumes of aspen per compartment ranged from 0 to 228 m 3 ha Ϫ 1 . The same author, however, expressed concern about the future success of regeneration because of the lack of saplings and supposedly high browsing pressure. Some rare and threatened species ( Rassi et al. , 2001 ) , such as mosses (e.g. Neckera pennata Hedw.), molluscs (e.g. Bulgarica cana Held), the true fl y Xylomya czekanowskii Pleske, beetles (e.g. Cis fi ssicornis Mellié) and mammals that are dependent on or associated with aspen (e.g. Pteromys volans L.), have been detected in the area ( Lovén, 2005 ) . Kalela (1970 , in Kalliola, 1973 : 1, Hemiboreal; 2, Southern boreal; 3, Middle boreal and 4, Northern boreal.
Data
We collected data for assessing forest history and aspen occurrence from several historic sources and inventories ( Tables 1 and 2 ) , covering an area of ~ 840 ha. Stands containing aspen and stands containing large (old) aspen trees were extracted from these sources. Since the data sources were somewhat heterogeneous, we had to follow specifi c principles and procedures in stand classifi cation to ensure valid results. The characteristics indicated in a compartment inventory are mean value estimates. Thus, the diameter at breast height (d.b.h.) marked in the legend books, for example, is a mean characteristic. In practice, however, some individuals in natural forest compartments in particular will probably be notably larger than the ' mean diameter tree ' . In order to determine those compartments which were characterized by the large aspen occurrence, the compartments where the age of the aspens was over 70 years, the d.b.h. over 25 cm or there was written information suggesting large aspens (e.g. in 1910) were selected. The assumptions that large aspens are older than 70 years and have a d.b.h. over 25 cm were based on the regeneration recommendations of the Forestry Development Centre Tapio ( Anonymous, 2001 ) , in which 60 -70 years is the lower limit for restocking deciduous trees and on previous studies of aspen dynamics (e.g. Tikka, 1954 ; Kouki et al. , 2004 ) . The Compartment sizes and areas are presented in hectares; V , total stand volume and V a , total aspen volume in m 3 ha Ϫ 1 ; year refers to different inventories, where the subscript aspen refers to stands with aspens and L.aspen to the stands with large aspens. N comp. is the number of compartments in the forest; area, ha; Min is the minimum, Max is the maximum, mean is the average and SD is the standard deviation of the variable. ( Redsven et al. , 2004 ) . Downloaded from https://academic.oup.com/forestry/article-abstract/82/2/135/545890 by guest on 28 December 2018 limit was an approximation, however, and all the compartments that came close to the limit values were checked and then placed in the appropriate class. The characteristics we required from the compartments of different inventories were as follows: land area (ha), patch area (may include many compartments with similar characteristics, ha), soil type, forest layers, stoniness, total volume (m 3 ha Ϫ 1 ), age (years), height (m) and existence of information on occurrence of aspen.
The variation in the total area of forest land ( Table 1 ) refl ects the manual digitization of the maps, changes in the shoreline of Lake Pielinen, differences in the classifi cation of non-forested land and inconsistent consideration of islands. To assess the historical patterns of aspen occurrence, only those inventory data that included information on the occurrence of this species were used in the analysis. As a result, the legend books from the inventories of 1910, 1936 and 2004 with aspen data were used in the current analyses, whereas the data from 1835 -1845, 1961 -1962, 1971 and 1989 included only general information on broadleaved trees and were therefore used only for validation of the results and characterization of the management history of the area. The aspen characteristics in the 1910 inventory were mainly given in non-numerical form, i.e. they were described in the manner of a narrative, but the legend book was still accurate and covered the area well (see Table 1 ). The 1936 data were almost completely numerical, but descriptive statements were also included in the data. The original sample plot data from the last forest inventory were entirely in numerical form and had been collected over the period from 1996 to 2002. These data were fi nally checked in 2004. Since the analysis was based on an area-level approach, the stand-wise attributes, collected over a period of 7 years, had to be rendered comparable by updating them to an accurate end point (see Koivuniemi and Korhonen, 2006 ; Hyvönen, 2007 ) . The forest characteristics were updated for the year 2004 with the MELA simulator ( Hynynen et al. , 2002 ; Redsven et al. , 2004 ) , which is commonly applied to the results of forest planning inventories performed by compartments in Finland, just as its model base is commonly used for describing biological processes in forest stands both for the calculation of inventory results and for the simulation-based upgrading data sets ( Nuutinen and Kettunen, 2005 ) . In view of the relatively short simulation periods and absence of silvicultural practices, it was justifi ed to apply the MELA method for updating the compartment data collected from the protected forests in the Koli National Park.
The three digitized compartment maps resulting from the forest inventories with equal framing show how the pattern of compartment boundaries changed between 1910, 1936 and 2004 ( Figure 2 ) . The compartment numbers on the maps correspond to the numbers in the original legend books. In all the inventories, the compartments were delineated according to the rules documented by Davis and Johnson (1987) . Table 2 ).
Data processing
We defi ned six categories of naturalness, based on the data in the legend books and on a fi eld survey in 2006 during which each aspen stand was visually checked for the occurrence of cut stumps. The absence of stumps or other signs of silvicultural treatment was taken as an indication of naturalness. The term ' natural forest ' was used for areas with no recorded information on human activities in the legend books from the various inventories. When assessing the naturalness of the areas, the historical information in all the inventories (including 1962, 1971 and 1989) was checked separately for each compartment. Information on forest management practices implemented before the establishment of the National Park (e.g. harvesting and planting) and on natural disturbances (e.g. destruction by wind or snow or damage from browsing by elk) was sought from the compartment fi les.
The occurrences of aspen in each compartment were further assigned to three general classes based on the long-term occurrence as shown by the inventory data from 1910, 1936 and 2004 as follows:
1 areas where large aspens have existed throughout the time between the inventories, 2 areas where large aspens have occurred and then disappeared between the inventories and 3 areas where large aspens have appeared between the inventories.
The fi rst class includes all the areas where large aspens have been present for almost 100 years, the second class shows areas where large aspens were present at fi rst but disappeared later on and the third class shows areas where aspens appeared after the inventories of 1910 and 1936. In addition, these three classes were divided according to natural disturbances and human-induced changes, making a total of six classes in all. Both the natural and human-induced change classes are discussed in the context of the two main questions put forward in the aims of the study, providing information about the long-term continuity of large aspens, their regeneration and their regional dynamics.
The data were processed with ArcGis software in seven steps, as follows: (1) digitization of the maps (1910) and fi tting of the stand layers to make the total land area congruent between the years, given that the maps from 1936 ( Pirilä, 1999 ) and 2004 ( Redsven et al. , 2004 ) were already digitized; (2) identifi cation of the compartments where aspen of any age or size existed in any of the three inventories (minimum of 0.1 ha); (3) creation of comparative tables for the aspen characteristics (age, height and volume); (4) creation of map layers for stands with large aspens (age > 70 years or d.b.h. > 25 cm) or with small aspens in the inventories of 1910, 1936 and 2004; (5) collection of information on the occurrence of large aspens from different inventories and the merging of stands into the three pre-defi ned aspen occurrence classes (continuous, disappeared and appeared) using the ArcGis Analysis Tools; (6) checking of the historical information from all the inventories (see Table 2 ) and the fi ndings of the 2006 fi eld survey of the presence of aspens and their cut stumps and (7) classifi cation of the compartments into the pre-defi ned six classes of aspen occurrence and state of naturalness (managed forest or natural forest).
The tables of compartment characteristics in consecutive inventories (1910, 1936 and 2004) were rendered as comparable as possible. Even if it was not possible to validate all the methods used in the old inventories, it was assumed that the inventories were made with suffi cient accuracy by comparison with the aims of the present analyses. Thus, we used fairly broad classes, for example, when describing the continuity patterns of aspen in the area. The last inventory included more detailed information, so that the limiting factor was the quality of the old inventory data. Compartment number, area (ha), soil type, forest layers, stoniness, total volume (m 3 ha Ϫ 1 ) and age (years) were taken directly from the inventory data. To obtain the height (m), volume (m 3 ha Ϫ 1 ), volume percentage and size class of the aspens, some assumptions were made. Since height is usually indicated by forest layers, and because aspen is a pioneer tree species, it was assumed that the height of the forest was equal to the height of the aspen trees within the same forest. In these inventories, either the volume or the percentage of the total volume was marked according to species. Since the information in the 1910 inventory was in non-numeric form and the tree species were listed in ascending order of occurrence, the volume estimates for aspen ( Table 1 ) were derived from the total stand volume estimates and compartment-wise ordinal numbers for species occurrence, which were reweighted. In the case of young stands, the number of seedlings was recorded instead of the total stand volume, so that it was also possible for volumes to be given the value 0.
Results
Large aspen trees have occurred in the area continuously since the fi rst inventory in 1910, and the area containing aspens has increased from 175 to 364 ha, i.e. more than doubled, while the area containing large trees has remained roughly constant (155 -166 ha). Most notably, the compartments that contained aspen have decreased in size from 5.0 ha in the 1910 inventory to 2.1 ha in 2004. Mean stand volume was almost fi ve times higher in 2004 than in 1910, and the aspen volume had increased from 2 to 5 m 3 ha Ϫ 1 over the same period ( Table 1 ) . The forest stand characteristics of the total area and the three aspen occurrence classes are presented in Table 3 .
The average size of the patches from which large aspens had disappeared was about twice that of the patches where they had persisted or appeared ( Table 3 ) . The mean age, basal area median diameter and basal area median height in all the occurrence classes were higher than in the area as a whole, while the number of stony compartments was higher in the classes where large aspen had either persisted or appeared than in the whole area or the area where large aspens had disappeared ( Table 3 ). The most remarkable result regarding differences in soil type between the occurrence classes was that the areas featuring compartments where large aspens had persisted were mainly on nutrient-rich soil (90.5 per cent), whereas the average proportion of compartments representing this soil type in the whole area was 36 per cent.
A large proportion of the total aspen area (173 of 284 ha) had converted to stands that no longer included large aspens by 2004 ( Figure 3 ) , most of these being located on north-east-facing slopes between the highest point of Koli and Lake Pielinen in the east ( Figures 1 and 3 ) . Also, a large number of aspen disappearances may be related to human activities (covering 155 ha of the areas lost). There were also areas (73 ha) where aspens had appeared between the inventories of 1910 and 2004. Most notably, a total of 38 ha, i.e. over 13 per cent of the total aspen area, had contained large aspens throughout the period concerned ( Figure 3 ) , showing a long-term persistence of large aspens in the area.
Altogether, 117 ha of forest with no signs of management activities were classifi ed into the category of ' natural forests ' . Aspen had occurred over 33.8 per cent of the total land area, but only 6.4 per cent of its sites belonged to the category of natural forests, whereas large aspens had occurred continuously on 17 ha (2 per cent). Large aspen areas had essentially disappeared from the managed forests ( Figure 3 ) .
Overall, some areas that included large aspen trees in 1910 had disappeared and some new areas were established during the period considered here ( Figure 3 ). This has created and maintained obvious spatio-temporal patterns and dynamics in the aspen stands.
Discussion
The results show that the European aspen ( P. tremula L.) can maintain a population of large individuals over a 100-year period without largescale disturbances. A notable result was that large aspens were observed at some time within 284 of the 840 ha of the forest area which indicates the existence of a robust aspen population in the area. Accordingly, 34 per cent of the area forms a potential habitat for rare and threatened species living in or on large aspen trees, i.e. the long-term availability of this resource for aspen-associated species has been relatively good on the scale of the whole National Park, which means that even highly specialized, rare or threatened species associated with aspen, such as B. cana , X. czekanowskii and C. fi ssicornis , have been discovered in the area ( Lovén, 2005 ) . Although the total volume of aspens in stands with large aspens has slightly decreased, the results suggest that there still exist 110 young aspen stands with a clear potential for sustaining a suffi cient continuity of large aspens in the future ( Table 1 ) .
The processing and analysis of heterogeneous historical data sets are often challenging (see Vuorela, 2001 ), and we anticipated that differences in inventory methods, e.g. in the delineation of compartments, the accuracy of the original data or the procedures employed for creating the aspen layers, might have produced some unidentifi ed errors in the results. The effects of these actions were nevertheless probably only minor on the scale of the whole park and do not affect the main results presented here. Our analyses probably also tend to be somewhat conservative and underestimate rather than overestimate the occurrence of aspen. For example, it is quite possible that scattered or very small aspen groups may have persisted but were not captured by our classifi cation. Thus, the real coverage of the long-term aspen occurrence may be more extensive than that reported here, and consequently, our estimates can be regarded as conservative.
Three dynamic categories for large aspen stands were defi ned here. First, according to the historical data and the management histories of the compartments, some of the stands have maintained a continuous availability of large aspens, which strongly suggests that aspen can regenerate naturally at least to some extent without any major large-scale disturbances. The life span of individual aspens has not been studied well enough, however, and it is diffi cult to measure the age of The means for the forest and aspen areas are values for 2004. n is the number of stands; n patch is the number of patches; stoniness per cent gives the proportion of areas with a signifi cant amount of stones on the surface and in the top-most soil layers; fertile site type per cent gives the proportion of the area which has a fertile soil. Patch denotes the sizes of the areas; V total stand volume and V aspen total aspen volume; T stand age; D gm basal area median diameter and H gm basal area median height.
aspen trees because of their frequent decomposition at an early age ( Tikka, 1955 ) . According to Kellomäki (1991) , however, aspens will not normally exceed 150 years of age, although some individuals in old-growth forests may even reach 200 years ( Kuusinen, 1996 ) . There is one aspen in the Koli National Park which was found by coring to be over 140 years in age. The period studied here was almost 100 years, and the age of the compartments where large aspens occurred continuously varied from 30 to 140 years. Comparing this information with the present results (1) 21 ha (2.5%) and 17 ha (2.0%), (2) 155 ha (18.5%) and 18 ha (2.1%) and (3) 54 ha (6.4%) and 19 ha (2.3%). The fi gures are percentages of the total forest area (844 ha). and the observations made during fi eldwork in 2006, it is concluded that there has been some natural regeneration during the past 100 years and still the same individuals naturally exist there as large trees which were small at the beginning of the historical records. Natural regeneration is probably possible on account of the small-scale gap dynamics, where the regeneration capacity of aspen becomes obvious. Due to its effective root system and the natural capacity of the roots for direct shoot-bud regeneration, aspens are considered to be efficient in regenerating in small gaps, burnt areas and also on stony soils that would otherwise be hostile for tree seedlings ( Tikka, 1954 ) . The root system of the aspen resembles a remnant population structure, where the individuals of the entire population can survive locally over long unfavourable periods so that a new generation can start to grow when circumstances improve ( Eriksson, 1996 ) . According to studies on the trembling aspen ( P. tremuloides Michx.) in Northern America by Cumming et al. (2000) , species also regenerates through root sprouts in small gaps. Although this is the most likely mechanism behind the occurrence of aspen in the Koli National Park, we currently lack detailed data on the creation of gaps, their sizes and their dynamics during the period studied here. Consequently, the interplay between aspen recruitment and gap dynamics remains unresolved. Nevertheless, our data and results clearly show that whatever that mechanism might be, aspen can survive for prolonged periods under old-growth conditions.
The second class included those aspen stands that disappeared during the period from 1910 to 2004. The main reason for this was most likely to have been the intensive harvesting programme in the 1960s and 1970s. Clear-cutting followed by the planting of spruce was a common silvicultural practice in the area, and this has clearly reduced the potential area of deciduous tree species. In addition, the age of some stands was over 200 years, so that it is also likely that spruce had slowly replaced aspen naturally due to the natural forest succession (see Liu and Hytteborn, 1991 ; Kuuluvainen, 1994 ; Kouki et al. , 2004 ) . The growing population of elk ( Nygrén and Pesonen, 1993 ) , especially in the conservation areas, where hunting is not permitted, has also reduced the regeneration of broadleaved species, including aspen (see Heikkilä et al. , 2003 ) . Nevertheless, the mean aspen volume in the patches from which large aspens had disappeared was 4.7 m 3 ha Ϫ 1 ( Table 3 ) , which indicates the existence of vigorous aspen colonies in these areas.
The third class in the analyses was areas where large aspens have appeared during the period in question. Since the establishment of the Koli National Park, there have been 19 ha of natural forest (26 per cent) where protection has provided opportunities for aspen to grow. One explanation for the expansion of the aspen population, however, could be the lower accuracy of the fi rst two inventories, in which the compartments were larger. The large aspen areas in this class occur as narrow strips on the slopes, and it is possible that they were omitted from the fi eld inventories in the early twentieth century. A total of 54 ha (74 per cent of the total area in this class) are in the area where human-induced changes which have favoured aspen populations occurred. Clear-cutting and selective thinning were local but dramatic disturbances which created appropriate circumstances for aspen regeneration when there was no planting of spruce. Slash-and-burn cultivation was carried out in Koli until the 1930s, and open burnt areas were the best sites for many deciduous species such as aspen (see Hyvönen, 2004 ) .
The historical data do not provide much good quality and detailed information on aspen in the inventories 1961, 1971 and 1989 . There may have been areas with large aspens in the middle of the three inventories analysed here. If this had been the case, however, it would only have strengthened our understanding of the good arealevel potential of the Koli National Park to maintain a population of large aspen trees.
The occurrence of aspen in natural forests and the success of its regeneration there were also of interest. It is recommended that more detailed inventories of current size-class distributions, regeneration success and gap dynamics should be conducted in the continuous large aspen habitats identifi ed here. We also suggest that special attention should be paid to developing accurate inventory methods for monitoring aspen trees and their occurrence and characteristics under old-growth conditions. The results of such inventories are likely to provide valuable surrogate measures for some key elements of boreal forest biodiversity. These monitoring systems should ideally be based on modern remote sensing techniques such as airborne laser scanning, which can provide accurate information on forest characteristics (see Naesset, 1997 ; Maltamo et al. , 2004 ) In summary, our results show that aspen stands can maintain long-term continuity and most likely also regenerate naturally at least in the circumstances that prevail in fertile old-growth boreal forests. Although Koli might be a very special area both environmentally and historically, the present results should have implications for other conservation areas and nature reserves that share the same basic characteristics. In general, our results indicate that maintenance of aspen and of the associated biota should be possible in forests on similar sites that may be within a nature reserve. However, local factors -such as the browsing pressure by moose -should be addressed carefully when evaluating the long-term potential of a reserve to maintain its aspen population. It is evident that the long-term continuity of large aspens in protected parks will be particularly valuable for the preservation of biodiversity. 
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